Gibberellic acid (GA) increases Ca2+ and calmodulin (CaM) levels in barley aleurone cells, and abscisic acid (ABA) antagonizes the GA effect. These alterations in cytoplasmic Ca2+ and CaM have been suggested to be central regulators of the secretory response of the barley aleurone. Using microinjection of caged Ca2+, Ca2+ chelators, and CaM, we mimicked or blocked these hormonally induced changes in Ca2+ and CaM and assessed their effects on GA and ABA action. Although mimicking GA-induced changes in Ca2+ and CaM did not mimic GA action, blocking these changes did prevent GA stimulation of secretion. The induction of the amylase gene by GA was, however, unaffected. Similarly, blocking the decrease in Ca2+ normally caused by ABA in these cells blocked ABA action, except that induction of Em gene transcription by ABA was unaffected. These results suggest that GA and ABA signals are transduced by Ca2+-and CaM-dependent and Ca2+-and CaM-independent systems in the aleurone cell.
INTRODUCTION
The cereal aleurone cell is well established as a model system for studying the regulation of plant cell function by the phytohormones gibberellic acid (GA) and abscisic acid (ABA; reviewed in Fincher, 1989; Jones and Jacobsen, 1991) . The aleurone secretes hydrolases (principally a-amylases) that mobilize endosperm reserves during germination. GA stimulates this a-amylase synthesis and secretion, and ABA reverses the GA effect. In addition to its antagonistic effects on GAregulated events, ABA also induces a series of proteins, such as RaB (van der Veen et al., 1992) and the amylase subtilisin inhibitor (ASI; Mundy and Rogers, 1986) .
The responses of the aleurone cell to GA and ABA have been studied extensively at the leve1 of the regulation of gene expression and modulation of the structure and activity of the secretory apparatus. Thus, for example, the hormonally responsive elements in the promoters of the amylase genes have been identifbd (e.g., Jacobsen and Close, 1991; Lanahan et al., 1992; Rogers et al., 1994) , and DNA binding proteins have been proposed as putative regulators of amylase gene expression (e.g., Sutliff et al., 1993; Gubler et al., 1995; Rushton et al., 1995) . Similarly, ultrastructural changes in the secretory apparatus that accompany GA stimulation have been determined (Hillmer et al., 1990) . However, although the site of perception of GA and ABA is now tentatively assigned to the aleurone cell plasma membrane (Hooley et al., 1991; Gilroy and Jones, 1994) , the GA and ABA perception systems and the subsequent signal transduction events remain poorly characterized.
Changes in the levels of cytoplasmic calcium, often mediated through the regulatory protein calmodulin (CaM), are recognized as ubiquitous signal transduction elements in animal and plant cells (reviewed in Roberts and Harmon, 1992; Bush, 1995) . Thus, GA-and ABA-induced changes in cytoplasmic calcium levels in the aleurone cell have been proposed as signal transduction and regulatory events (Bush, 1995) . Similarly, CaM levels have been found to increase upon GA stimulation of the aleurone and are thought to represent a reorganization of a Ca2+1CaM-dependent regulatory system (Gilroy and Jones, 1993; Schuurink et al., 1996) . In support of this model, enzymes that could respond to signal-induced changes in cytoplasmic Ca2+ and CaM have also been observed in aleurone. These include Ca2+/CaM regulation of the Ca'+/ATPase in the endoplasmic reticulum membrane (Gilroy and Jones, 1993) , Ca2+ transport at the tonoplast (Bush and Wang, 1995) , and aslow vacuolar-type ion channel in the storage protein vacuole membrane (Bethke and Jones, 1994) . Calcium has also been implicated in the exocytotic process in aleurone (Zorec and Tester, 1992) , and by analogy with the Ca2+-dependent elements of the mammalian and yeast secretory systems; we would predict Ca2+-dependent events in such steps as secretory vesicle docking with the plasma membrane in the aleurone (reviewed in Battey and Blackbourn, 1993) .
Compelling though this circumstantial evidence is, direct demonstration of the involvement of Ca2+ and CaM in the hormona1 regulation of aleurone function in vivo is lacking, and alternative regulatory events, such as changes in cytoplasmic pH and membrane potential, have been proposed (van der Veen et al., 1992; Heimovaara-Dijkstra et al., 1994a , 1994b . Indeed, in the case of the phytochrome signal transduction system in tomato, direct experimental manipulation of Ca2+ and CaM levels in vivo have revealed that Ca2+/CaMdependent and Ca'+lCaM-independent transduction events link the activation of phytochrome to subsequent responses such as chloroplast development and pigment production (Millar et al., 1994) .
In this study, the role of Ca 2 *-and CaM-dependent signal transduction events in the barley aleurone is assessed. Cytoplasmic Ca 2+ and CaM levels were directly manipulated by microinjecting protoplasts with caged Ca 2 *, Ca 24 chelators, and CaM. The ability of these changes to block or mimic the responses of protoplasts to GA and ABA was then monitored. Data are presented indicating that although changes in cytoplasmic Ca 2+ and CaM do regulate the activity of the secretory apparatus in the aleurone cell, GA modulates transcription of the amylase gene via a Ca 2 *-independent pathway. Similarly, evidence is presented indicating that ABA also operates via Ca 2 */CaM-dependent and -independent transduction systems.
RESULTS

Assays of the GA and ABA Responsiveness of Single Aleurone Protoplasts
To study how the responses of aleurone protoplasts to GA and ABA were affected by manipulations of cytoplasmic Ca 2 * and CaM, we employed several single-cell assays for aleurone activity. GA-induced vacuolar development is thought to reflect turnover of vacuolar storage polymers during the secretory response (Bethke and Jones, 1994; Davies et al., 1996) . Figures  1A and 1B show the characteristic vacuolated morphology of protoplasts that have been treated with GA for 20 to 30 hr. Non-GA-treated or ABA-treated protoplasts did not become vacuolated (Figures 1C and 1D) and were readily distinguished from the GA-responding cells. A background of 6% (19 of 311) of freshly isolated protoplasts showed this vacuolated morphology before any hormonal treatment or incubation. These protoplasts were excluded from further study. Development of vacuolated morphology was therefore taken as one indication of GA response of the protoplast.
In a second functional assay, secretion of a-amylase from single protoplasts was assayed in thin starch-agarose films (Hillmeretal., 1993; Gilroy and Jones, 1994) . Protoplasts embedded in agarose gel were overlaid with a second thin agarose gel impregnated with starch. After 1 hr of incubation, the a-amylase secreted from the protoplast diffused into the second gel and locally digested the starch. An I 2 KI reagent was then applied to stain starch blue. Amylase-secreting protoplasts were surrounded with an unstained halo of digested starch, whereas the gels overlying protoplasts that failed to secrete amylase stained uniformly (Hillmer et al., 1993; Gilroy and Jones, 1994) .
The third assay for aleurone response was to visualize the induction of GA-or ABA-regulated gene expression by using the (A) and (B) Development of vacuolated morphology in protoplasts treated with 5 nM GA for 24 hr. (C) and (D) Lack of vacuolation in protoplasts not exposed to GA or treated with 10 nM ABA, respectively (E) and (F) GUS reporter gene assay for monitoring gene expression in single aleurone protoplasts responding to various hormonal treatments for 24 hr. Protoplasts were treated with 5 nM GA or 10 |iM ABA as noted Protoplasts were embedded in a thin agarose gel and maintained on the stage of a microscope for 24 hr in a moist chamber. (A) to (D) Differential interference contrast images are shown taken at 24 hr. (E) and (F) Protoplasts were microinjected with a plasmid containing a constitutively active construct (ubiquitin-luciferase \LLJC}) and a plasmid containing either the amylase promoter fused to GUS (Amy-GUS) or the Em promoter fused to GUS (£m-GUS). The ratio of GUS to LUC reflects the hormonal regulation of the amylase or Em promoter. The percentage of induced protoplasts in (F) were those protoplasts showing a GUS-to-LUC ratio >4 x 10 3 GA + ABA, protoplasts were simultaneously incubated in 5 |iM GA and 10 \iM ABA; GA (24h) + ABA, protoplasts were pretreated for 24 hr with 5 uM GA, and then 10 nM ABA was added for 6 hr; LUX. LUC; p, phytic acid body; v, vacuole. Scale bar in (C) = 20 urn for (A) to (D). et al., 1993; Gilroy and Jones, 1994) . Protoplasts were transformed by microinjection with an amylase-GUS or €m promoter-GUS construct (Hillmer et al., 1993; Gilroy and Jones, 1994) , and the GA or ABA response was assessed from the activation of GUS production. All of the results were corrected for transformation efficiency by using a coinjected constitutive (ubiquitin) promoter driving luciferase (LUC; Hillmer et al., 1993; Gilroy and Jones, 1994) . As expected, the amylase promoter showed three-to fivefold induction by GA and inhibition of this activation by ABA (Figures 1E and 1F; Gilroy and Jones, 1994) . Em is a 10-kD soluble, ABA-induced protein that was first found in wheat embryos (Marcotte et al., 1989) . It can show >lO-fold induction by ABA in the aleurone system (Jacobsen and Close, 1991) . In our microinjection-based transient expression studies, the Em promoter showed three-to fourfold induction by ABA and no evidence of repression by GA ( Figures  1E and 1F ). This lack of GA regulation of Em was also noted by Jacobsen and Close (1991) . Thus, in the aleurone, Em appears to be regulated independently by ABA.
Results from'these three functional assays (vacuolation, single cell secretion assays, and the reporter gene assays) revealed that up to 75% of the aleurone protoplasts showed a response to GA or ABA (e.g., Figures 1E and 1F) . The remaining 25% were morphologically indistinguishable from the responding 75% of the protoplasts when freshly isolated but failed to show development of vacuolation, induction of amylase gene transcription, or exocytosis when treated with GA or induction of Em-GUS by treating with ABA. An unresponsive pool of Q40% of aleurone protoplasts was noted previously (Hillmer et al., 1993) , but whether this represents protoplasts that have lost their GA responsiveness during isolationor_a_ proportion of naturally GA-unresponsive cell<is not known.
This nonresponding background meant that the maximum response we would predict for treatments that completely mimicked GA or ABA action would be 75% of the protoplasts assayed.
Cytoplasmic Ca2+ Levels in Barley Aleurone
Protoplasts Are Elevated by GA Treatment and Lowered by Subsequent ABA Treatment
To assess the role of Ca2+ in the hormonal response of the aleurone cells, we first extended previous observations indicating that there is a steady state increase in Ca2+ in these cells in response to GA Jones, 1987, 1988; Gilroy and Jones, 1992; Bush, 1996) . Ratio imaging of Ca2+ levels revealed a sustained increase in cytosolic Ca2+ from 100 to >600 nM in the peripheral cytoplasm when treated with GA ( Figure 2A ). In agreement with previous observations (Gilroy and Jones, 1992) , the increase starts 1 to 4 hr after GA treatment and is complete by ~8 hr (Figures 2A and 2J ). This range of times reflects the initiation of the increase and, in its reaching the final steady stnte, reflects the differences between the kinetics of response of individual protoplasts. Figure 2J shows the responses of three individual protoplasts that are representative of the range of responses (fastest to slowest, n = 28) seen. Heterogeneity of the Ca2+ response to GA has also been noted in wheat aleurone cells (Bush, 1996) .
The increase in Ca2+ induced by GA was found to be correlated with GA responsiveness of the protoplasts. Protoplasts that responded to GA, as assessed by the three single-cell activity assays (development of vacuolated morphology, activation of amylase gene transcription, and amylase secretion),
showed increased cytosolic Ca'+ in the peripheral cytoplasm (Figures 2A to 2C ), whereas the 25% of protoplasts that failed to show vacuolation, activation of amylase gene transcription, or amylase secretion after GA treatment also did not show the Ca2+ increase ( Figures 2D to 2F ). ABA treatment of protoplasts that had been pretreated for 18 hr with GA reversed the GA-induced Ca2+ increase ( Figure 2G ) and antagonized GA-induced amylase secretion ( Figure 21 ). Thus, changes in the Ca2+ levels in the protoplasts directly correlated with the secretory activity of the individual protoplast under study.
Protoplasts simultaneously treated with 5 pM GA and 10 pM ABA (n = 17) or with 10 pM ABA alone (n = 21) showed a stable resting [Ca2+] of 118 & 46 nM, which did not change for up to 12 hr after ABA treatment. These ABA-treated protoplasts did not exhibit any GA-like response but showed induction of Em-GUS ( Figures 1E and 1F) . ABA thus appears to override the GA response, including the cytoplasmic Ca2+ changes, whether presented alongside or after GA. Wang et al. (1991) have reported a rapid, 100-nM decrease in Ca2+ in response to 200 pM ABA. However, 10 pM ABA was used in our study because it was sufficient to trigger responses such as antagonism of GA-induced events and induction of Em in the aleurone. At this concentration of ABA, Wang et al. (1991) saw a 20-nM decrease, which is below the detection limit of the fluorescent indicator approach used in the present study.
These results showing changes in cytoplasmic [Ca2+] in aleurone cells in response to GA and ABA, in conjunction with similar data from Jones (1987,1988) , Gilroy and Jones (1992) , and Bush (1996) , present strong circumstantial evidence for changes in cytoplasmic Ca2+ being involved in some of the signal transduction andlor coordination of the aleurone cell response to GA and ABA. liowever, to test directly the role of cytosolic Ca2+ in regulating aleurone function, we microinjected protoplasts with Ca2+ and Ca2+ chelators to attempt to mimic or block the GA-and ABA-induced changes in cytoplasmic [Ca2+] noted above.
Elevating Cytoplasmic Ca2+ Does Not Mimic GA Action in Aleurone Protoplasts Non-GA-treated protoplasts were microinjected with CaCI2, and the subsequent elevation in cytosolic [Ca2+] was monitored using ratio imaging. Figure 3A elevation in these experiments was most likely due to a highly active homeostatic system rapidly reinstating normal cellular Ca2+ levels (Bush, 1995) . Figure 4A (bottom) shows that in no case did the injection of Ca2+ induce responses (vacuolation, amylase gene transcription, or amylase secretion) normally triggered by GA in the aleurone protoplasts. In control experiments, GA was added to identical protoplasts that had been microinjected with CaC12. These protoplasts showed the normal GA response, indicating that the microinjection protocol did not inhibit the GA responsiveness of the protoplasts ( Figure 4A ,
In similar experiments, protoplasts were microinjected with up to 250 pM caged Caz+ (nitr-5). Nitr-5 binds Ca2+ with high affinity, but after exposure to UV light, the caging group alters its structure and releases its previously tightly bound Ca2+ to the cytoplasm (Adams and Tsien, 1993; Allan et al., 1994) . Nitr-5 therefore provides a way of releasing Ca2+ to the cytoplasm on demand by using UV light. The advantage of using such caged probes is that the biological activity of the signaling molecule can be divorced from mechanical effects of the microinjection procedure on the cell (Adams and Tsien, 1993) .
When nitr-5 that had been microinjected into non-GA-treated protoplasts was photoactivated by a single UV pulse, cytoplasmic Ca2+ increased from resting (143 ? 29 nM) to 330 nM to 3 WM (n = 14; Figures 3 6 and 5A) for up to 35 min. However, none of these protoplasts developed the responses (vacuolation, induction of amylase gene transcription, or amylase secretion) associated with triggering the GA response ( Figure 4A , bottom).
One complicating factor in these experiments is that GA causes a sustained increase in cytoplasmic Ca2+ in aleurone ( Figure 2J ; Jones, 1987,1988; Gilroy and Jones, 1992; Bush, 1996) . Thus, the failure to induce GA-like responses of the -3O-min pulse of Ca2+ released to the cytoplasm in the above experiments could be due to a requirement for this sustained Ca2+ increase in the GA response. Therefore, to mimic more closely the kinetics of the GA-linked Caz+ signal, non-GA-treated protoplasts were microinjected with caged Ca2+, t0P).
(C) Sustained release of caged Caz' increases cytoplasmic Ca2' levels in non-GA-treated protoplasts Protoplasts were microinlected with (final concentrations) 5 pM indo-1-dextran in (A) or 5 pM Calcium Green-2-dextran and 250 pM nitr-5 in (6) and (C), respectively Ca2' levels were determined using confocal imaging At the indicated time, the protoplast was either (A) microinjected with 1 PM CaCIz or (6) subjected to an 8-sec UV pulse to photorelease Caz' from the caged Ca2' The control treatments were (A) no CaCI, injection or (E) no UV pulse A representative response of greater than nine protoplasts per treatment is shown For (C). protoplasts were microinjected with Calcium Green-2 and up to 250 @M caged Caz' at the indicated times, UV pulses were applied to release Ca2' to the cytoplasm by photoactivating the caged Ca2' A representative response of >10 protoplasts is shown The maximum SE for (A) = 88 nM and for (E) = 107 nM and cytosolic Ca2+ levels were continuously elevated with a series of UV pulses (approximately every 20 min) that photoactivated 5 to 10% of the caged Ca2+ per pulse, as shown in Figures 3C and 5A . Cellular homeostasis removed the elevated Ca2+ over the next 20 to 30 min. Thus, UV pulses every 20 min led to repetitive releases of Ca2+ from the caged Ca2+ and a sustained, elevated cytosolic Ca2+ leve1 in the protoplast. Using this approach, we could stably increase Ca2+ in the cytoplasm for >6 hr, at which point GA-treated protoplasts could show detectable amylase secretion ( Figure 2J ). However, even this sustained elevation in cytoplasmic Ca2+, closely mimicking the kinetics of the normal GA-induced Ca2+ increase, failed to elicit the GA-like responses of vacuolation, amylase gene transcription, and amylase secretion in nonhormonally treated protoplasts ( Figure 4A , bottom).
In control experiments, protoplasts were microinjected with up to 250 pM nitr-5, prephotolyzed nitr-5, or KCI, subjected to the UV pulse protocol, and treated with 5 pM GA. These protoplasts showed the normal GA-induced responses (Fipure 4A, top and data not shown), indicating that the UV pulse protocol, microinjection procedure, and nitr-5 photolysis products did not inactivate the capacity of the protoplasts to respond to GA.
In addition, Figure 3C shows that once the UV pulse protocol was terminated, cytosolic Ca2+ levels returned to resting levels, suggesting that Ca2+ homeostasis and metabolism were not disrupted by the prolonged release of Ca2+ from the caged Ca2+. These results suggest that protoplasts in which Ca2+ was elevated with caged Ca2+ were viable and could have shown a GA response but did not. Thus, the increase in cytosolic Ca2+ induced by GA is not a simple trigger inducing the GA response.
Elevating Cytoplasmic CaM Does Not Mimic GA Action
CaM levels increase two-to fourfold when aleurone cells are stimulated with GA, and this increase may represent part of the GA signal transduction system (Gilroy and Jones, 1993; Schuurink et al., 1996) . Figure 6 indicates that the CaM antagonist N-(6-aminohexyl)d-chloro-l-napthalenesulfonamide (6) Effect of microinjection of CaM in protoplasts treated with 5 pM GA (top) or no hormone (Untreated) (bottom). Protoplasts were microinjected with 10 to 250 pM KCI (control), 1 to 10 LLM CaCI,, or 100 to 250 pM nitr-5 (A): 1 to 10 pM barley, spinach, or bovine CaM; or 1 to 10 pM barley or spinach CaM with 250 pM nitr-5 (E). Protoplasts were then subjected to none (-) , one, or a series of UV pulses to release caged compounds, as indicated. The protoplasts were incubated for 24 hr with 5 pM GA (top) or without hormone (Untreated) (bottom), and their development of vacuolation (Vacuolated), amylase-GUS expression (Amy-GUS induction), and amylase secretion was assessed. ? ' (A) or treated with 5 MM GA for 24 hr and then microinjected with 250 MM diazo-2 (B). Protoplasts were also coinjected with 5 MM (final concentration) dextran-conjugated Calcium Green-2. Cytosolic calcium ([Ca ?1 ],) levels were then determined using confocal microscopy at the indicated time points (in minutes at bottom left) Where indicated, an 8-sec UV pulse was applied to each protoplast Calcium levels have been pseudocolor coded according to the inset scale. The last image in each group is a bright-field image of the protoplast under study at the end of the treatment period, taken with the transmission detector of the confocal microscope. Bars = 10 jim.
(W7) effectively inhibits the GA-induced amylase secretion from aleurone protoplasts. A structurally unrelated CaM antagonist, trifluoperazine, gave similar results (data not shown). At the same concentration as W7, the antagonist W5 was less effective. W5 is a close structural analog of W7 but is approximately fivefold less effective as a CaM inhibitor (Hidaka et al., 1981) . W5 therefore serves as a control for non-CaM-specific effects of W7. The reduced effect of 1 to 5 u,M W5 versus W7 in aleurone suggests that W7 effects could be attributed to CaM antagonism. However, to test directly the role of CaM, we needed to manipulate the levels of this protein in a similar way to Ca 2+ outlined above. Controlled elevation of Ca 2+ and CaM would then allow us to test whether GA action requires a coordinated increase in Ca 2+ and CaM.
Despite the high homology between plant and animal CaM (Roberts and Harmon, 1992) , there is evidence that some CaMresponsive enzymes in the aleurone cell are sensitive to plant CaM (such as from spinach) but unresponsive to CaM from other sources, such as bovine brain (Bethke and Jones, 1994; see below) . Therefore, aleurone protoplasts that had not been treated with GA were microinjected with up to 10 nM of barley aleurone, spinach, or bovine brain CaM, and the ability of these proteins to elicit GA-like effects was monitored. None of these CaM-injected protoplasts showed GA-like responses ( Figure  4B , bottom).
To determine whether a coordinate increase in Ca 2+ and
CaM was required to induce the GA response, we coinjected 250 nM caged Ca 2+ and 10 uM barley aleurone or spinach CaM into protoplasts, and cytoplasmic Ca 2 * was then "clamped" at 0.6 to 1 u.M by using the multiple UV pulse protocol outlined above. This coordinate elevation of Ca 2+ and
CaM was also ineffective at initiating GA-like responses (Figure 4B, top) . However, microinjection of up to 10 u,M barley aleurone, spinach, or bovine CaM or 10 u,M BSA with or without caged Ca 2+ did not inhibit the responsiveness of the aleurone protoplasts to subsequent incubation in 5 nM GA (Figure 4B, top) , indicating that the microinjection procedure was not inhibiting the GA response. These results suggest that coordinate changes in Ca 2+ and CaM do not represent a simple trigger that initiates the GA response of the aleurone cell.
The Plant Cell
Inhibitor concentration (pM) 
Ca*+ Buffers Block GA-lnduced Secretion and Vacuolation in Barley Aleurone Protoplasts
Because elevating the cytoplasmic levels of Ca2+ and CaM failed to trigger GA-like responses, we next tested whether blocking the Ca2+ changes normally associated with GA action would affect the GA response of the aleurone protoplasts. Therefore, protoplasts were treated with 5 pM GA for 24 hr to induce amylase synthesis and secretion and the GA-associated increase in cytosolic Ca2+. This increase in Ca2+ levels was then blocked by microinjection of up to 500 pM of the Ca2+ buffer 1,2-bis(o-aminophenoxy)ethane N,N,N;N'-tetraacetic acid (BAPTA). lnjecting protoplasts with >500 pM BAFTA proved cytotoxic. BAPTA injection has been very successful in antagonizing Ca2+-dependent processes in plants (e.g., Pierson et al., 1994; Herman and Felle, 1995) . Microinjection of 500 pM BAFTA led to a transient decrease in the cytoplasmic Ca2+ levels ( Figure 7A ) but did not block the GA-induced responses of activated amylase gene transcription or amylase secretion (Figure 8 ). Similar results were obtained with GA-pretreated protoplasts microinjected with up to 500 pM diazo-2. Diazo-2 is a caged Ca2+ buffer whose Ca2+ affinity increases from 2.2 pM to 72 nM with UV activation (Adams and Tsien, 1993) . Photoactivation of diazo-2 that had been microinjected into protoplasts that had been pretreated with GA for 24 hr led to a transient decrease in cytoplasmic Ca2+ (Figures 58 and 78) but no inhibition of GA-like responses (Figure 8 ). However, when a repetitive UV pulse protocol (every 20 min) was applied to diazo-2-injected protoplasts, cytoplasmic Ca2+ levels could be lowered for severa1 hours ( Figure 7C ). Figure 8 shows that under these conditions, where diazo-2 was able to block the sustained increase in cytoplasmic [Ca2+] induced by GA treatment, it also blocked the amylase secretion induced by GA (Figure 8, arrow) . GA-induced amylase gene transcription was, however, unaffected by this sustained decrease in cytoplasmic [Ca2+] (Figure 8 , arrow).
Diazo-3 is a caged Ca2+ chelator very similar in chemical structure to diazo-2, except that upon photoactivation, its affinity for Ca2+ is approximately one-fifth that of diazo-2 (Adams and Tsien, 1993) . Thus, diazo-3 serves as acontrol for diazo-2 effects that are not due to its Ca2+ chelator activity. Sustained photoactivation of diazo-3 that had been microinjected into GApretreated protoplasts did not inhibit the GA-induced responses of amylase gene transcription and secretion (Figure 8 ) or alter the GA-induced increase in cytosolic Ca2+ ( Figure 7C ). These results from diazo-3 indicate that neither the photolysis procedure nor nonspecific photolysis products were responsible for the observed activity of diazo-2 on the GA response. It can also be seen from Figure 7C that in protoplasts in which Ca2+ levels were lowered by sustained diazo-2 activation, normal Ca2+ levels were reinstated after the photoactivation was terminated, indicating that the diazo-2 release procedure was not irreversibly disrupting normal cellular metabolism and homeostasis.
These results suggest that the increase in Ca2+ induced by GA is required for sustained amylase secretion in the barley aleurone cell. However, GA induction of amylase gene transcription may operate via a Ca2+-independent signaling pathway. These results also highlight the need to maintain a sustained block in Ca2+ levels to affect the sustained nature of the GA response in these cells.
Microinjection of Ca2+ or CaM lnhibits ABA Reversal of GA Responses in Aleurone Protoplasts
ABA inhibits the GA-induced synthesis and secretion of amylase and also reverses the GA-induced increase in cytosolic Ca2+ levels (e.g., Figures 2G to 21) . We therefore tested whether ABA exerts its antagonism of GA-induced events through this effect on lowering cytosolic Ca2+.
Protoplasts were pretreated for 24 hr with 5 pM GA to elicit the GA response, microinjected with caged Ca2+ (nitrd) without UV photolysis, and then incubated in 10 pM ABA. As expected, ABA reversed the GA-induced increase in cytosolic Ca2+, reduced amylase gene expression, and inhibited amylase secretion (Figures lE, lF, and 9A ). These results show that microinjection of nitr-5 did not inhibit the ABA responsiveness of these protoplasts. Figure 10 shows that repetitive photorelease of caged Ca2+ was able to prevent the reduction in cytoplasmic (Ca2+] normally associated with ABA action. This blockage of the ABA-induced change in [Ca2+] prevented the ability of ABA to antagonize GA responses. Thus, the elevated levels of amylase gene expression and amylase secretion found in these GA-treated protoplasts were main- tained despite the ABA treatment ( Figure 9A ). Equivalent maintenance of amylase gene expression and secretion was also obtained when 1 to 10 pM barley or spinach CaM was microinjected into GA-treated protoplasts that were then treated with normally inhibitory levels of ABA ( Figure 9B ). Interestingly, 1 to 10 pM bovine CaM was ineffective at preventing the antagonistic effect of ABA on GA action.
In control experiments, GA-treated protoplasts were microinjected with 250 pM prephotolyzed nitrd, KCI, CaCI2, or 10 pM BSA, treated with ABA, and subjected to the same UV pulse regime as was done for uncaging nitr-5. These protoplasts showed a normal ABA inhibition of GA-induced responses of amylase gene transcription and secretion ( Figure 9A ). These results indicate that the microinjection, UV pulse regime, and photolysis products were not affecting the ABA responsiveness of the cells. Therefore, these results suggest that ABA antagonizes GA action in part through reduction in a cytosolic Ca2+/CaM-dependent pathway in the aleurone cell.
Elevating Ca*+ and CaM Does Not lnhibit ABA lnduction of Em-GUS
In addition to antagonizing GA-induced events, ABA also induces the production of a set of proteins in the aleurone (Jones and Jacobsen, 1991) . Therefore, we looked to see whether the pathway leading from ABA to gene induction also followed the Ca2+/CaM-sensitive pathway that led to the antagonism of GA-regulated events, identified above. Em-GUS expression was used as the marker for ABA upregulated events because it is induced up to three-to fourfold by ABA in the aleurone (E) Photoactivation of diazo-2 (caged Caz' chelator) transiently decreases cytosolic [Ca*'] of GA-treated protoplasts, whereas diazo-3 does not. (C) Multiple UV pulses lead to a sustained decrease in cytoplasmic Caz' levels in non-GA-treated protoplasts microinjected with diazo-2. Protoplasts were preincubated in 5 WM GA for 24 hr and then microinjected with (A) 5 pM (final concentration) Calcium Green-2-dextran or (E) Calcium Green-2-dextran plus 500 pM diazo-2 or diazo-3 (caged CaZ' chelators). Ca2' levels were then determined by using confocal microscopy. At the indicated time, the protoplast was either (A) microinjected with 500 WM BAPTA or (E) subjected to an 8-sec UV pulse to photorelease the caged Ca2' chelators diazo-2 or diazo-3. The control treatments were (A) no BAPTA injection or (B) no UV pulse. Responses are representative of greater than nine protoplasts per treatment. The maximum SE for (A) = 117 nM and for (B) = 131 nM. For (C). protoplasts were treated with 5 pM GA for 24 hr and then microinjected with Calcium Green-2 and up to 500 pM caged Ca2' chelator (diazo-2 or diazo-3). At the indicated times, UV pulses were applied to release Ca2' chelators to lhe cytoplasm from their caged form. Representative response of 12 protoplasts. The maximum SE = 128 nM. Note that diazo-2 is approximately five times more effective as a Ca2' chelator than is diazo-3. protoplast, whether or not they had been pretreated with GA ( Figure 1E ). Protoplasts were incubated with GA for 24 hr to induce a full GA response and then microinjected with 250 pM caged Ca2+ (with no photoactivation). Subsequent incubation of these protoplasts with 10 pM ABA led to the induction of Em-GUS, indicating that the microinjection protocol did not affect the ABA responsiveness of the protoplasts. However, the reduction of cytoplasmic Ca2+ levels triggered by this subsequent treatment with 10 pM ABA could be overcome by the multiple UV pulse protocol that caused sustained photorelease of the caged Ca2+ (Figure 10 ). Figure 11 indicates that such maintenance of elevated Ca2+ levels did not inhibit Em-GUS induction by ABA. Similarly, microinjection of 1 to 10 pM barley aleurone CaM did not lower the Em-GUS induction by ABA.
Equivalent results were obtained with non-GA-treated protoplasts injected with CaM or caged Ca2+ and treated with ABA ( Figure 11) . Thus, the regulatory system linking ABA to the Em promoter is not sensitive to Ca2+ and CaM levels, whereas that from ABA to antagonism of GA-induced events is. Thus, ABA seems to operate via two different signal transduction pathways in the barley aleurone. Protoplasts were pretreated for 24 hr with 5 pM GA and then rnicroinjected with 10 to 200 pM KCI (control), up to 500 WM BAPTA, or 100 to 250 pM diazo-2 or diazo-3 (caged Ca*+ chelators). Protoplasts were then subjected to none (-) , one, ora series of UV pulses to photorelease caged compounds, as indicated. Pre indicates that diazo-2 was prephotolyzed before microinjection. Protoplasts were then incubated for 8 hr in 5 pM GA, and their induction of arnylase (Amy)-GUS expression and amylase secretion was assessed. The arrow marks the differential effect of diazo-2 on gene expression and secretion. Each data point represents the mean of eight to 15 individual protoplasts.
DISCUSSION
Changes in the levels of cytoplasmic Ca2+ have been proposed as signal transduction events in many plant systems in response to myriad stimuli ranging from physical perturbations to chemical signals and light (Roberts and Harmon, 1992; Millar et al., 1994; Bush, 1995) . Importantly, there are now severa1 reports correlating treatment of plant cells with GA and ABA to changes in cytosolic Ca2+ levels (reviewed in Bush, 1995) . The data presented in this study indicate that the changes in cytoplasmic [Ca2+] that occur in barley aleurone protoplasts in response to the GA and ABA signals are indeed part of the regulatory machinery transducing these stimuli. GA induces a steady state increase in cytosolic [Caz+] in the peripheral cytoplasm of the aleurone protoplast as well as increasing CaM levels two-to fourfold (Gilroy and Schuurink et al., 1996) . Blocking the GA-induced increase in [Ca2+], using repetitive release of caged Ca2+ chelators, led to a block in the amylase secretion induced by GA. However, mimicking the amplitude and kinetics of the changes in Ca2+ and CaM normally induced by GA, using continuous release of Ca2+ from caged Ca2+ and/or microinjection of CaM, did not initiate GA-like responses in non-GA-treated protoplasts. These experiments strongly suggest that GA-induced increases in cytoplasmic Ca2+ and CaM do not act as simple triggers of the GA response but are required for the activity of the secretory apparatus in the aleurone cell.
GA induction of amylase gene transcription, however, appears to be Caz+ independent. Thus, although blocking the GA-induced increase in cytosolic [Ca2+] blocked the GAinduced stinulation of amylase secretion, this treatment left GA-induced amylase gene transcription unaffected (Figure 8 ). Previous work has suggested that amylase gene transcription does not require elevated levels of extracellular Ca2+ (Deikman and Jones, 1985) , whereas to obtain the full GA response of amylase secretion (i.e., coordinated stimulation of amylase gene transcription and activity of the secretory apparatus) requires millimolar extracellular Ca2+ (e.g., Chrispeels and Varner, 1967; Gilroy and Jones, 1992) . This fits well with this current study and implies that GA-induced increases in Ca2+ levels are most likely maintained by influx from the apoplast and are required to sustain the activity of the secretory apparatus in the cytoplasm but not increased gene expression. It is also interesting that the elevated Ca2+ levels associated with the GA response are limited to the peripheral cytoplasm (Figure 2A) where elements of the secretory apparatus such as endoplasmic reticulum accumulate. The nucleus lies centrally in these cells in a position where the large Ca2+ changes do not occur. This steep gradient in [Ca2+] at the periphery of the cell is most likely due to the relative immobility of Ca2+ in the cytoplasm coupled with an active sequestration system (Bush, 1995) . Thus, it is possible for the cell to maintain a nuclear Ca2+ environment that may be dramatically different (higher or lower) from the bulk cytoplasm. Protoplasts were incubated in 5 pM GA for 18 hr and then microinjected with 10 to 250 pM KCI (control), 100 to 250 pM nitr-5 (caged Ca2'), or 1 to 10 pM CaCI, (A) or 1 to 10 pM spinach, barley. or bovine CaM or 1 to 10 pM BSA (E). Protoplasts were then incubated for 3 hr in 10 t[M ABA and subjected to none (-), one. or a series of UV pulses as indicated, and their induction of amylase-GUS expression and amylase secretion was assessed. Pre indicates that nitr-5 was prephotolyzed before microinjection. Each data point represents the mean of nine to 15 individual protoplasts.
Candidates for the cytoplasmic targets of the elevated levels of Ca2+ and CaM that occur in response to GA have already been identified. These include the Ca2+/ATPase in the endoplasniic reticulum membrane (Bush et al., 1993; Gilroy and Jones, 1994) . which may be critical in supporting the elevated Ca2+ requirement of amylase synthesis by the endoplasmic reticulum (Bush, 1995) . Ca2+ is also known to regulate the activity of ion channels in the aleurone tonoplast that may be essential in mobilizing vacuolar reserves used during GA stimulation (Bethke and Jones, 1994) . Similarly, secretory vesicle fusion in animal cells is a Ca2+-dependent process (Battey and Blackbourn, 1993) , and Ca2+ is known to stimulate secretory vesicle fusion in aleurone (Zorec and Tester, 1992) . Recently, Ca2+-dependent phospholipid binding proteins (such as annexins) analogous to those mediating vesicle fusion in animals have been identified in plants (Clark and Roux, 1995) . Although they have yet to be reported in aleurone, annexin-like proteins represent attractive candidates for part of the coordinating activity of Ca2+ on the secretory apparatus in the peripheral cytoplasm of this cell. Although GA regulation of secretory activity seems to be Ca2+ dependent in the aleurone cell, as noted above, GA regulation of amylase gene expression appears Ca2+ independent. Ca2+-dependent and Ca2+-independent signal transduction pathways are also evident in the ABA responses of the aleurone. Thus, when the decrease in [Ca2+] normally associated with ABA action was prevented, the ability of ABA to repress GA-induced amylase gene expression was inhibited. However, ABA induction of Em expression was unaffected by identical manipulations of Ca2+ and CaM levels ( Figure 11) . Thus, the signal transduction pathway to ABA upregulated events appears to be different (Ca2+ independent) from those leading to downregulation of GA-induced events (Ca2+ dependent). Similar Ca2+-dependent and 4ndependent signaling events are now being revealed in other plant response systems, including the transduction of the ABA signal in stomatal guard cells, and in the phytochrome response system of tomato epidermal cells. Thus, in stomatal guard cells, the entire stomatal closure response can be induced by mimicking the ABA-induced increase in [Ca2+] that can be observed in these cells (reviewed in Assmann, 1993) . However, there is increasing evidence for Ca2+-independent signaling pathways operating in parallel with the Ca2+-dependent systems in the transduction of the ABA signal in this system (e.g., Allan et al., 1994 phytochrome-like responses (Millar et al., 1994) . Thus, microinjecting tomato cells with Ca2+ or CaM was sufficient to trigger some of the phytochrome-like responses. However, coordinated changes in severa1 Ca2+-dependent and Ca2+-independent systems were required to elicit the full suite of phytochrome responses (Millar et al., 1994) . These parallel Ca2+-dependent and -independent signaling systems may well increase the flexibility of the regulation of signaling events by allowing each part of the response to be modulated independently.
Changes in cytoplasmic pH have recently been implicated in the regulation of RaBIdehydrin genes by ABA in the aleurone (van der Veen et al., 1992; Heimovaara-Dijkstra et al., 1995) and represent an attractive candidate for a Ca2+-independent element in the ABA signaling pathway. The likelihood is, however, that there will be extensive cross-talk between the Ca2+-independent and Ca2+-dependent regulatory systems to elicit a coordinated cellular response. The challenge is now to define how these multiple interacting signaling pathways affect each other. The Ca2+-dependent and Ca2+-independent signal transduction pathways from ABA may well originate from independent receptor systems. It was previously observed that only ABA presented to the extracellular face of the aleurone protoplast is effective at inhibiting a-amylase secretion (Hooley et al., 1991; Gilroy and Jones, 1994) . However, preliminary experiments using microinjection of ABA suggest that intracellular ABA is active in triggering the induction of Em-GUS, suggesting an intracellular receptor (S. Gilroy, unpublished data). There is already circumstantial evidence for multiple receptor systems for ABA in stomatal guard cells (Allan et al., 1994; Anderson et al., 1994; Schwartz et al., 1994; MacRobbie, 1995) . Similarly, multiple or branched ABA signaling pathways have been invoked to explain the difference between maize mutants that affect ABA-regulated seed dormancy (viviparousl ) and anthocyanin synthesis (C7) as well as differences in the ABA dose-response curves of Em-GUS and C7-GUS in maize protoplasts (McCarty, 1995) . The genetics of ABA-insensitive mutants of Arabidopsis are also consistent with multiple pathways for ABA perception (Finklestein, 1993) Protoplasts were pretreated for 24 hr with 5 WM GA or 10 pM ABA. They were microinjected with 10 to 250 pM KCI (control), 100 to 250 pM caged Caz+, 1 to 10 pM BSA, or 1 to 10 pM barley CaM and then subjected to none (-) or to a series of UV pulses as indicated. Protoplasts were then treated for 3 hr with 10 NM ABA, and their induction of Em-GUS expression was determined. Em-GUS induction reflected a GUS-to-LUC ratio of >4 x 103 in the transient expression assay. Each data point represents the mean of nine to 12 individual protoplasts. Em-GUS plasmid was microinjected along with the test compound. provide a method for modulating the sensitivity of different physiological processes in the cell to the same initial stimulus. This could allow the cell to "fine tune" its individual responses to a single signal. Indeed, many animal hormonal perception systems show marked desensitizationlresensitization phenomena that relate to modulation of the active receptor number (Raff, 1976) . lndependent receptors linked to Ca2+-dependent and 4ndependent transduction systems could represent just such a sensitivity modulation system in the aleurone. In summary, the data presented here provide direct evidence for a role of Ca2+ and CaM in the regulation of barley aleurone activity in response to GA and ABA. Ca2+/CaM-dependent pathways regulate GA-induced secretion and ABA reversal of this induction. In addition, there are Ca2+/CaM-independent pathways leading to the regulation of gene transcription by GA and ABA. These observations have allowed us to formulate the model shown in Figure 12 of how the Caz+-dependent and Ca2+-independent signals may be operating to coordinate the aleurone cell's response to GA and ABA. GA appears to regulate the activity of the secretory apparatus in a Ca2+-dependent manner. However, induction of the amylase gene by GA is Ca2+ independent. In contrast, ABA inhibition of all of the GA-induced responses tested (secretion of amylase and amylase gene transcription) was inhibited by manipulating Ca2+ and CaM levels.
These results suggest that the ABA inhibition of amylase gene transcription involves a Caz+-and CaM-dependent pathway that does not represent a simple reversal of the (Ca2+-independent) signaling system used by GA to induce this gene. Interestingly, simply reducing cytoplasmic Caz+ levels to mimic the action of ABA on aleurone protoplasts does not cause an ABA-like inhibition of GA-induced amylase gene expression. Thus, the effects of ABA on the amylase gene do not appear to act simply through lowering Ca2+ levels. The implication is that ABA regulation of the amylase gene involves interactions between Ca2+-dependent signaling systems as well as other, Ca2+-independent signaling/regulatory systems. Thus, the failure of a decrease in Ca2+ to mimic the effects of ABA on amylase gene transcription may simply reflect the need for a coordinated change in severa1 elements of the ABA signaling network, of which a decrease in Ca2+ is just one aspect. This idea is supported by the observation that the artificial elevation of Ca2+ or CaM inhibits the action of ABA on the amylase gene. This increase in Ca2+ or CaM would disturb the integration of these multiple, interacting signaling pathways which is required for ABA to have its effect. Defining these Ca*+-dependent and 4ndependent events is a pressing challenge for aleurone research.
As already noted, changes in pH present an attractive candidate for another such signaling element for the ABA response of aleurone. Also, okadaic acid, an inhibitor of serinehhreonine protein phosphatases, has been found to inhibit the GA and ABA response of wheat aleurone, perhaps highlighting a role for changes in protein phosphorylation in the regulatory systems in these cells (Kuo et al., 1996) . The observation that an ABA-insensitive mutant of Arabidopsis (ABi-1) is defective in a gene with homology to Ca2+-dependent protein phosphatases (Leung et al., 1994) further suggests that Ca2+-dependent protein phosphorylation events may be a fruitful avenue for research into the ABA signal transduction pathway.
METHODS
Protoplast lsolation
Barley (Hordeum vulgare cv Himalaya Department of Agronomy, Washington State University. Pullman) grains were deembryonated, cut into quarters, and prepared for protoplast isolation as described by Hillmer et al (1993) . and all of the cellulase solutions were supplemented with O 1% (wlv) BSA Freshly isolated protoplasts were incubated in the dark at 25OC in Gamborg's 85 medium (Sigma) supplemented with 06 M mannitol (B5lmannitol) and 10 mM CaCI, in the presence or absence of either 5 pM gibberellic acid (GA) or 10 LLM abscisic acid (ABA) After incubation, protoplasts were purified on a Nycodenz density gradient (Bush and Jones. 1988 ) Amylase secretion was assayed as described in Gilroy and Jones (1992) 
Embedding Protoplasts for Microinjection and Monitoring aAmylase Secretion from Individual Protoplasts
Single aleurone protoplasts were embedded in a gel matrix (GM) according to Gilroy and Jones (1994) . Protoplasts were monitored on a Diaphot 300 microscope (Nikon, Melville, NY) by using x40 dry, 0.7 N.A. objective and differential interference contrast optics. lmages were recorded using a CH250A cooled CCD camera (Photometrics. Tucson. AZ) and captured using a Quadra 800 computer (Apple Computer, Inc., Cupertino, CA) running IPLabs spectrum image acquisition software (Signal Analytics, Vienna, VA). The GM contained 3% (w/v) ultralow melting point agarose (Sigma) and 3% (w/v) soluble potato starch (Baker Chemical Co., Philadelphia, PA) in B5/mannitol. A 40-pL drop of molten GM was placed centrally on a48 x 65 mm cover glass (Clay Adams, Lincoln Park, NJ). and 2 pL of a purified protoplast suspension was added. A 22-mm-square cover glass was placed on the GM that spread to form an -70-pmthick layer. This preparation was incubated in a moist chamber at room temperature for 1 hr. The small cover glass was then removed, and 200 pL of BYmannitol was added to prevent the gel from drying. This preparation was used for microinjection, and subsequent reporter gene assays are outlined belm.
To visualize amylase secretion from a single protoplast, we poured a second thin film of GM with starch onto the first. These double films were then incubated for 1 hr in a moist chamber and stained with an lpKl solution (Hillmer et al., 1993; Gilroy and Jones, 1994) . a-Amylase secreted from a protoplast diffuses into this second gel and locally digests the starch in the gel above the protoplast. The 12KI solution therefore stains undigested starch dark blue and reveals clear, starchfree halos of NO0 pm around protoplasts that have secreted a-amylase. Protoplasts surrounded by this halo were classed as having secreted amylase (Hillmer et al., 1993; Gilroy and Jones, 1994) .
Transient Expression in Protoplasts
Protoplast transformation and transient expression assays were performed as described in Gilroy and Jones (1994) . Protoplasts were microinjected with a plasmid containing the amylase or Em promoter fused to P-glucuronidose (GUS) (plasmids JR249 or pBM113, respectively). The amylase promoter drives GUS expression in a hormonally regulated manner in aleurone cells and protoplasts (Lanahan et al., 1992; Hillmer et al.. 1993; Gilroy and Jones, 1994) . Although the role of the Em gene product (Marcotte et al., 1989 ) is unknown in the aleurone, the Em promoter has been shown to be hormonally regulated in the aleurone, being induced up to 10-fold by ABA (Jacobsen and Close, 1997) . Thus, even though €m may not represent an endogenous promoter system, Em promoter-GUS constructs have proven useful tools for characterizing the ABA regulatory system in the aleurone (Jacobsen and Close, 1991; Hoecker et al., 1995) . In addition to JR249 or pBM113, protoplasts were simultaneously microinjected with a plasmid containing the ubiquitin promoter fused to luciferase (LUC; pAHC18). The ubiquitin promoter is constitutively expressed in barley aleurone cells (Lanahan et al., 1992) . Thus, the level of GUS was used to indicate the activity of the amylase or Em promoter and the level of LUC the efficiency of transformation. The ratio of GUS-to-LUC activity was used to normalize for variations in transformation elficiency between protoplasts and reflected the level of hormonal regulation of the amylase or Em promoter (Lanahan et al., 1992; Gilroy and Jones, 1994) .
Microinjection and assays for GUS and LUC activity were performed as described in Gilroy and Jones (1994) , except that the fluorescence of the lmagene Green GUS substrate (Molecular Probes, Eugene, OR) and the light emission from LUC activity were quantified using a CH250A cooled CCD camera attached to a Nikon Diaphot 300 inverted fluorescence microscope, using exposure times of 5 and 30 sec, respectively. lmages were analyzed using a Quadra 800 computer running IPlabs spectrum image analysis software. Autofluorescence and autoluminescence represented <10% of the GUS or LUC signal, respectively. Non-hormonally treated protoplasts showed a GUS-to-LUC ratio of O to 1.5 x lO3whether transformed with amylase-GUS or Em-GUS.
However, upon hormonal treatment, protoplasts showed an increased GUS:LUC of >4 x 103, which was scored as showing hormonal stimulation of gene transcription.
Confocal Microscopy and Measurement of Cytoplasmic [Cal] For ratiometric quantification of cytoplasmic [Can+] by using the fluorescent indicator dye indo-1, aleurone protoplasts were embedded in thin films of starchlagarose as outlined above and loaded with indicator by one of two approaches. P:otoplasts were either acid-loaded in 20 pM indo-1 (Molecular Probes) according to Gilroy and Jones (1992) or pressure microinjected with 1 to 5 pM indo-1 linked to a 10-kD dextran (see below). Acid loading led to an internal indo-1 concentration of 1 to 10 pM (Gilroy and Jones, 1992) . The indicator-loaded sample was placed on the stage of a Zeiss axiovert inverted microscope (Carl Zeiss, Inc., Thornwood, NY) attached to an LSM410 laser scanning confocal microscope and imaged using a Zeiss x40, 0.75 N.A., dry objective. Fluorescence from the dye was excited with the 364-nm line of a UV laser (Enterprise, Coherent, Ltd., Auburn, CA) using an 80/20 beamsplitter. The x40 Fluor objective used was determined empirically to show little chromatic aberration with 364 nm of light. Chromatic aberration was also corrected for by focusing the UV laser light to the same plane as visible wavelengths, using the variable beam expander fitted in the UV laser path of the LSM 410. Emitted light was simultaneously detected at 400 to 435 nm and >460 nm by using a 460-nm dichroic mirror and the appropriate Zeiss interference filters on each of the two photomultiplier detectors. Each measurement represents an 8-sec scan of the laser. Photobleaching represented <5% per channel per scan for each ratio image. Raw data were masked, and ratio images were calculated as given in Gilroy et al. (1991) . Autofluorescence and dark current represented <5% of the indo-1 fluorescence signal at each detector and were subtracted before ratio analysis. Registration in the x-, y-. and z-axes of the two emission images that made up the ratio images was checked by imaging 6-pm polystyrene beads (Polyscience, Warrington, PA) suspended in a solution of 1 pM indo-1. These images were coincidem in the x-, y-, and z-axes.
In experiments using caged probes (described below), indo-I cannot be used to monitor cytosolic Ca2+ because its UV excited fluorescence is incompatible with UV activation of the caging group. Therefore, in all of the experiments described using caged probes, the blue light excited indicator Calcium Green-2 (linked to a 10-kD dextran) was microinjected into the protoplast and used to monitor cytoplasmic Caz+ levels. Confocal imaging of the Calcium Green-2 was performed using the Zeiss LSM 410 confocal microscope. The dye was excited by the 488-nm line (3.9 mW power) of an argon ion laser by using a 488-nm primary dichroic and 515-to 540-nm emission filtration. Each image acquisition represents an 8-sec scan of the laser. lmages were transferred to a Power Mac 8100 and analyzed using IPlabs Spectrum analysis software, essentially as described in Gilroy and Jones (1992) . Autofluorescence plus dark current represented <10% of the Calcium Green-2 signal. Photobleaching represented <5% per image per scan. Accompanying bright-field images were taken with each fluorescent image by using the transmission detector of the confocal microscope and illumination by the internal 633-nm He/Ne laser of the LSM-410 attenuated to 10% with neutra1 density filters.
Ca2+ Calibration
Ratio images were calibrated using [Caz+] standards from Molecular Probes. Indo-1 (10 pM) was added to the Caz+ standards, and a drop of this mixture was ratio-imaged on the confocal microscope with settings identical to the aleurone protoplast samples. Care was taken to image the indo-1 solution in the center of the drop. To ensure that the same optical plane was observed in each calibration solution, we included 6-pm polystyrene beads (Polyscience) in each calibration droplet and optical sections taken at the midplane of the beads that had settled onto the cover slip. This ensured that each calibration image was taken at 3 pm above the cover slip. Confirmation of the applicability of this in vitro calibration to in vivo data was made by incubating indicator-loaded protoplasts in 20 pM Ca2' ionophore BrA23187 either with 10 mM Ca2+ or 5 mM EGTA in the externa1 medium. Ratio images of these protoplasts showed the expected changes in ratio values predicted from the in vitro calibration.
Indo-1 fluorescence requires UV excitation and is thus incompatible with the use of UV-activated caged probes (outlined below). In experiments using these caged compounds, Calcium Green-2 linked to a 10-kD dextran (excitation 488 nmj was used to monitor cytoplasmic calcium. Calcium Green-2 was calibrated according to Gilroy and Jones (1992) but using the same bead system as outlined for indo-1. However, because Calcium Green-2 is a single-wavelength indicator, it is not as quantitatively reliable as indo-1. Each Calcium Green-2 measurement has been calibrated as rigorously as possible, and simultaneous measurements of protoplast [Can+] made with indo-1 and Calcium Green-2 gave very similar quantitative results (data not shown).
Microinjection of Protoplasts
Protoplasts embedded in agarose thin films (Hillmer et al., 1993) were impaled with micropipettes (10 to 20 MQ resistance) pulled from filament electrode glass (World Precision Instruments, New Haven, CT) by using a PC-84 pipette puller (Sutter Instruments. Novato, CA). For fluorescent indicator injections, the micropipettes were loaded with 1 mM indo-1, indo-1 conjugated to a 10-kD dextran, or Calcium Green-2 conjugated to a 10-kD dextran. Fluorescent dye was then pressure injected with a PV830 pneumatic picopump (World Precision Instruments, Sarasota. FL), using a series of 20 psi pressure pulses. Micropipettes were loaded with up to 50 mM KCI, CaCI2. or 1,2-bis (o-aminophoxy)ethane N,N.N:N'-tetraacetic acid (BAPTA); 25 mM caged Caz' (nitr-5; Calbiochem); diazo-2 or diazo-3 (Molecular Probes); or 500 1tM bovine. spinach, or barley calmodulin (CaM) or BSA. Protoplasts were injected with up to (final cellular concentrations) 20 pM Ca2+; 500 1iM BAPTA (Molecular Probes); 250 pM caged Caz+ (nitr-5); 250 riM diazo-2 or diazo-3 (Molecular Probes); 250 pM KCI; 10 pM bovine CaM (Sigma's spinach CaM) or barley CaM; or 10 pM BSA. Cytoplasmic concentrations of injected compounds were assessed from the fluorescence intensity of coinjected lucifer yellow or carboxyfluorescein (0.05% wlv). according to Gilroy and Jones (1992, 1994) .
Protoplasts were allowed to recover from the microinjection for 20 min before further imaging. Protoplasts that failed to maintain a turgid appearance or that exhibited disruption of normal cytoplasmic structure (typically a rapid condensation of the cytoplasm) at any time during the experiment or protoplasts that failed to exhibit >500 cps LUC activity in the transient expression experiments were not studied further. Using these criteria. the efficiency of microinjection was -20%.
Caged Probe Release
All of the procedures involving caged probes were performed under dim red safelight. Once microinjected into the cytoplasm, caged probes were photoactivated by one of two methods, depending on the microscope system in use. For protoplasts followed on the Nikon Diaphot 300 fluorescence microscope, caged probe photolysis was performed using 5 to 10 sec of UV illumination (340 nm, 10-nm half band width interference filter; Nikon) from the 75-W xenon epifluorescence illuminator. For protoplasts being observed with the LSM-410 confocal microscope, the caged probes were released by 4-sec passes of the 365-nm laser run at one-third power. These treatments were sufficient to release 5 to 10% of the caged compounds. This uncaging efficiency was assessed by two methods. First, the number of times UV pulses that could be given to a protoplast microinjected with caged Ca2+ and still cause a change in cytosolic Ca2+ was monitored. Second, the percentage of coinjected caged fluorescein that was uncaged by each UV pulse was assessed according to Allan et al. (1994) . Caged fluorescein is nonfluorescent until UV irradiated and therefore provides a useful in situ calibration of uncaging efficiency (Allan et al., 1994) . Where indicated as a control, caged probes were prephotolyzed in the microinjection micropipette by 5-min exposure to a UV transilluminator (FBTIV-88; Fisher Scientific, Pittsburgh, PA) before injection.
This procedure was sufficient to photoactivate 1000/0 of the caged compounds, as assessed by photoactivation of caged fluorescein (data not shown).
Changes in cytoplasmic pH caused as a side effect of caged probe photolysis have been suggested to be responsible for some of the biological effects attributed to released caged molecules (Adams and Tsien, 1993) . Cytoplasmic pH was therefore monitored during caged probe release to ensure that this artifact was not present in these experiments. Protoplasts were loaded with 5-carboxyfluorescein by carboxyfluorescein-diacetate staining (Davies et al., 1996) , and fluorescence intensity was quantified using a confocal microscope (excitation 488 nm. emission 510 to 565 nm) and used as a qualitative indicator of changes in cytoplasmic pH (Davies et al., 1996) . Carboxyfluorescein is retained for severa1 hours in the cytosol of unstressed aleurone protoplasts (S. Gilroy. unpublished data; Hillmer et al., 1993; Davies et al., 1996) and shows a fourfold change in fluorescence intensity in the range pH 5.5 to 7.5. No detectable changes in cytoplasmic pH were observed after the photolysis of any of the caged probes used in this study. lsolation of Barley Aleurone CaM CaM was isolated from aleurone layers treated for 24 hr with GA, essentially according to Collinge and Trewavas (1989) . All of the manipulations was performed at 4OC. Fifty grams of aleurone layers was rinsed in distilled water followed by buffer containing 2.5 mM K2EDTA. 40 mM Hepes, adjusted to pH 7.6 with bis-tris-propane (BTP), and blotted dry. The layers were suspended in 10 mL of extraction buffer containing 40 mM Hepes-BTP, pH 7.4, 8 mM K,EDTA, 1.3 mM DTT, 8.2% (wh) sucrose, and 0.5% BSA, frozen in liquid nitrogen and ground in a coffee mil1 (model K7450; Rega1 Ware Inc., Kewaskum, WI) with dry ice to a fine powder. The homogenate was thawed on ice, filtered through two layers of Miracloth (Calbiochem), and centrifuged at lOOOg for 15 min. CaM was then extracted using a combination of isoelectric precipitation and heat treatment, according to Collinge and Trewavas (1989) . CaM was eluted from the final affinity column step with 50 mM KCI. 10 mM Hepes, pH 7.2, and 5 mM EGTA. The eluant was then desalted and concentrated by microdialysis versus 50 mM KCI, 10 mM Hepes, pH 7.2, and 10% (wlv) dextran (molecular weight of 50,000).
CaM levels were quantified using the phosphodiesterase activation assay with spinach CaM as a standard (Collinge and Trewavas, 1989 ).
The free [Ca2+] in the final CaM preparation was 150 f 38 nM as monitored by the indo-1 fluorescence ratio analysis described above. Coomassie Brilliant Blue R 250 staining of an SDS-polyacrylamide gel (mini Protean I 1 minigel system; Bio-Rad) of purified barley CaM and bovine and spinach CaM preparations (Sigma) showed that each contained a single polypeptide of 4 8 kD that showed the Ca2+-dependent mobility shift in the gel, which is characteristic of authentic CaM (Collinge and Trewavas, 1989) . The barley and spinach proteins also cross-reacted as a single band of 18 kD with a monoclonal antibody raised against carrot CaM (mAblF8; Fisher and Cyr, 1993) on protein gel blots (Trans-Blot SD, semidry electrophoretic transfer system; Bio-Rad). This antibody does not recognize bovine CaM.
